. Cells of these isolates were Gram-negative, non-motile rods that produced an amorphous extracellular polysaccharide-like substance. Old cultures contained spherical bodies of varying sizes, which represent starvation forms. Cells of all five strains were acidophilic and psychrotolerant, capable of growth at pH 3.0-7.5 (optimum pH 3.8-4.5) and at 2-33 6C (optimum 15-22 6C). The major fatty acids were iso-C 15 : 0 , C 16 : 0 and summed feature 3 (C 16 : 1 v7c and/or iso-C 15 : 0 2-OH). The major menaquinone detected was MK-8. The pigments were carotenoids. The genomic DNA G+C contents were 57.3-59.3 mol%. The five isolates were found to be members of subdivision 1 of the phylum Acidobacteria and displayed 95.3-98.9 % 16S rRNA gene sequence similarity to each other. The closest described relatives to strains OB1010
T , LCBR1, TPB6011 T , TPB6028 T , and TPO1014 T were members of the genera Terriglobus (94.6-95.8 % 16S rRNA gene sequence similarity) and Edaphobacter (94.2-95.4 %). Based on differences in cell morphology, phenotypic characteristics and hydrolytic capabilities, we propose a novel genus, Granulicella gen. nov., containing four novel species, Granulicella paludicola sp. nov. with type strain OB1010 T (5DSM 22464 T 5LMG 25275 T ) and strain LCBR1, Granulicella pectinivorans sp. The phylum Acidobacteria is highly diverse and, at the time of publishing, comprises 26 distinct phylogenetic subdivisions (Barns et al., 2007) . Only three of them, subdivisions 1, 3 and 8, have taxonomically characterized representatives. The taxa with validly published names from subdivision 1 include the genera Acidobacterium (Kishimoto et al., 1991) ,
Terriglobus (Eichorst et al., 2007) and Edaphobacter (Koch et al., 2008) . The only described genus in subdivision 3 is Bryobacter (Kulichevskaya et al., 2010) , while subdivision 8 includes the genera Holophaga (Liesack et al., 1994) , Geothrix (Coates et al., 1999) and Acanthopleuribacter (Fukunaga et al., 2008) .
Members of the phylum Acidobacteria inhabit a wide range of natural environments of diverse temperature, salinity and pH. They have been detected in soils and sediments (Barns et al., 1999 (Barns et al., , 2007 Janssen, 2006; Lauber et al., 2009) , hot springs (Hugenholtz et al., 1998; Barns et al., 1999; Bryant et al., 2007) , acidic mining lakes (Kleinsteuber et al., 2008) , water distribution systems (Martiny et al., 2005) and caves (Zimmermann et al., 2005; Meisinger et al., 2007) .
Our further cultivation efforts resulted in the isolation of several strains of peat-inhabiting acidobacteria in pure cultures (Pankratov et al., 2008) . Most of these isolates belonged to subdivision 1 of the Acidobacteria and represented strictly aerobic, acidophilic organisms that were able to hydrolyse a number of polysaccharides. In this paper, we provide a detailed characterization of five of these isolates , strains TPB6011  T , TPO1014  T , TPB6028  T ,  OB1010 T and LCBR1, and propose a novel genus, containing four novel species of these bacteria.
Strains TPO1014
T and OB1010 T were isolated from a peat sample (pH 4.2) collected from the upper oxic layer, 0-10 cm below the surface, of the bog Obukhovskoe, Yaroslavl region, European North Russia (58 u 149 N 38 u 129 E). Strains TPB6011
T and TPB6028 T were obtained from peat soil (pH 4.0) sampled at a depth of 10-20 cm of the Sphagnum peat bog Bakchar, Tomsk region, West Siberia (56 u 519 N 82 u 509 E). Strain LCBR1 was isolated from the thalli of lichen species of the genus Cladonia collected from the Sphagnum peat bog Bakchar. Isolation procedures and culture conditions were used as described by Pankratov et al. (2008) . The isolation was performed using basal MM1 medium containing (per litre distilled water): MgSO 4 .7H 2 O (0.04 g); CaCl 2 .2H 2 O (0.02 g); and yeast extract (0.05 g). Dialysed humic acid (prepared as described by Pansu & Gautheyrou, 2006) (1 ml); galacturonic acid sodium salt, 30 mg, glucuronic acid, 30 mg, and homoserine, 10 mg were included in the MM1 medium as additional components. Xylan or pectin (0.05 %, w/v) were used as carbon sources. The solidifying agent used for the medium preparation was Gel-Gro (ICN Biomedicals). To avoid increasing ionic strength, pH was adjusted to 4.0-5.0 with 20-50 mg alginic acid l
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. Once established as pure cultures, the isolates were maintained on MM1 agar medium (pH 4.6-5.0) with fructose and were subcultured at 4-week intervals.
Terriglobus roseus DSM 18391
T and Edaphobacter aggregans DSM 19364
T were used as reference strains in our study and were maintained on media 830 and 1135 as recommended by the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany).
Cell morphology was examined using cultures grown both in liquid and on agar MM1 media. For the preparation of ultrathin sections, cells harvested in the exponential growth stage were pre-fixed with 1.5 % (w/v) glutaraldehyde in 0.05 M cacodylate buffer (pH 6.5) for 1 h at 4 u C and then fixed in 1 % (w/v) osmium tetroxide in the same buffer for 4 h at 20 u C. Capsule substances were contrasted by glutaraldehyde/osmium fixation in the presence of ruthenium red (Luft, 1964) . The samples were dehydrated in an ethanol series and embedded in Spurr's epoxy resin. Thin sections were cut on an LKB-4800 microtome, mounted on copper grids covered with Formvar film, contrasted with uranyl acetate (3 %, in 70 % ethanol) for 30 min and then stained with lead citrate (Reynolds, 1963) at 20 u C for 4-5 min. The specimens were examined with a JEM-100C (JEOL) electron microscope at 80 kV accelerating voltage. Absorption spectra of methanol extracts of cells of novel isolates were determined between 250 and 1000 nm using a SPh-56 spectrophotometer (Lomo-Spectrum).
Growth of the novel strains was examined using batch cultures grown in liquid MM1 medium with fructose at 2-37 u C, pH 2-9 and in NaCl, KCl and K 2 HPO 4 concentrations of 0.01-7.0 % (w/v). OD 600 was measured in an Eppendorf BioPhotometer at 2-day intervals for 3 weeks. To account for cases of non-homogeneous growth, measurement of CO 2 production rates by infrared gas spectroscopy with a thermal conductivity detector was used in place of OD 600 . The range of potential growth substrates of the novel strains was examined by replacing fructose in MM1 medium with alternative carbon sources. The ability to degrade different biopolymers was examined by measuring the rate of CO 2 production of cultures grown in tightly closed 500 ml serum bottles containing 100 ml liquid MM1 medium with 0.05 % (w/v) of the corresponding polymer substrate for 3 weeks at 20 u C. Control incubations were run in parallel under the same conditions but without substrate. Isolates were also tested for their ability to grow anaerobically, determining the fermentation of glucose or fructose, or by anaerobic respiration with nitrate (1 mM) as the electron acceptor and glucose or fructose (0.05 %, w/v) as the sole carbon and energy source. These tests were performed in tightly closed 160 ml serum flasks containing 30 ml liquid MM1 medium. Before autoclaving, the medium and the headspace of the flasks were flushed for 10 min with a mixture of CO 2 (7%) and N 2 (93%) to replace the air.
Enzyme activity profiles, urease hydrolysis, indole production and the Hugh-Leifson test were analysed with API 20NE and API ZYM kits (bioMérieux). Catalase and oxidase tests were carried out by standard methods (Gerhardt et al., 1981) . Antibiotic susceptibilities were determined on MM1 agar plates using discs (Oxoid) containing the following antibiotics (mg): ampicillin (10), gentamicin (10), kanamycin (30), neomycin (10), novobiocin (30), streptomycin (10), chloramphenicol (30) and lincomycin (10).
Cell biomass for cellular fatty acid and isoprenoid quinone analyses and for DNA extraction was obtained from batch cultures grown in liquid MM1 medium at 24 u C for 1 week. Fatty acid profiles were analysed by the DSMZ Identification Service as described by Kämpfer & Kroppenstedt (1996) . Identification of isoprenoid quinones was performed as reported by Pankratov et al. (2007) . DNA base composition of each strain was determined by thermal denaturation using a Cary-100 UV-Vis spectrophotometer (Varian) at a heating rate of 0.5 u C min
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. The DNA G+C contents were calculated according to Owen et al. (1969) using Escherichia coli K-12 (G+C 51.7 mol%) as a standard. DNA-DNA hybridization experiments were performed as described by De Ley et al. (1970) . The 16S rRNA gene sequences of strains TPO1014 T , TPB6011 T , OB1010
T and TPB6028 T were determined previously (Pankratov et al., 2008) , whereas the corresponding gene sequence of strain LCBR1 was analysed in this study. Phylogenetic analyses were carried out using the ARB program package (Ludwig et al., 2004) . Trees were constructed using distance-based (neighbour-joining), maximum-likelihood (DNAML) and maximum-parsimony methods. The significance levels of interior branch points obtained in neighbour-joining analyses were determined by bootstrap analysis (1000 data resamplings) using the PHYLIP program (Felsenstein, 1989) .
All five strains formed convex, irregularly circular, semitransparent or opaque colonies when grown on solid media made with Gel-Gro. Strains TPB6011
T and TPB6028
T produced slimy colonies, colonies of strains TPO1010 T and LCBR1 had a creamy consistency, while strain TPO1014 T produced solid, rubbery colonies that could be peeled from the agar surface. At the stage of isolation, colonies of strains TPO1014
T , OB1010
T , LCBR1 and TPB6028 T did not exceed 0.5 mm in diameter; after a series of further transfers on laboratory media under optimal conditions, these isolates began to form significantly larger colonies of up to 3 mm in diameter. The colonies of strain TPB6011 T were larger, reaching 3-5 mm in diameter. Colonies were pale pink-red in strains TPB6011
T , OB1010 T and LCBR1 and light pink to pink in strains TPO1014
T and TPB6028 T . The main absorption maxima detected in methanol extracts of the novel isolates were at 475, 509 and 540 nm, which are values typical of carotenoids and are most similar to those of spirilloxanthin. These absorption peaks were highly similar to the peaks of the carotenoids in Terriglobus roseus (Eichorst et al., 2007) . In liquid media, strains TPB6011
T , OB1010 T and LCBR1 grew homogeneously, while strains TPO1014
T and TPB6028 T displayed flocculent growth.
Cells of the novel isolates were Gram-negative, non-sporeforming, non-motile rods that divided by binary fission and occurred singly or in pairs (Supplementary Fig. S1a Fig. S1e-f ). Production of an amorphous extracellular polymeric substance (EPS) was characteristic of all five novel isolates but was more strongly pronounced in strains TPB6011 T , TPO1014
T and TPB6028 T . Staining of this EPS with Alcian blue (Scott et al., 1964) and ruthenium red (Luft, 1964) indicated that it was a polysaccharide-like substance ( Supplementary Fig. S2 ).
Electron microscopy revealed a cell-wall structure typical of Gram-negative bacteria. The cytoplasmic membrane, peptidoglycan layer and outer membrane were evident in ultrathin sections (Fig. 1a) . We also revealed the presence of numerous outer-membrane vesicles, ranging in size from 40 to 100 nm (Fig. 1b) . Formation of these vesicles was most evident in strain TPO1014
T . Interestingly, the analysis of three recently sequenced genomes of acidobacteria suggests they are able to synthesize a large number of high-molecular-mass excreted proteins (Ward et al., 2009) .
Old cultures of the novel isolates contained numerous elongated cells (up to 50 mm) as well as spherical bodies of varying sizes (0.5-3 mm) (Supplementary Figs S1a, b and S3a-c). These spherical cells did not show a peptidoglycan layer and had often lost most of their cytoplasm ( Supplementary Fig. S3d-e) . However, after transfer to fresh medium, some of these cells were able to grow out again into rods. Morphologically and structurally similar cells have been observed in several representatives of the order Cytophagales when starved during growth (Reichardt & Morita, 1982; Reichenbach, 2006) , which suggests that the morphologies observed are examples of survival forms in nature when low temperature and nutrient deprivation conditions exist (Reichardt & Morita, 1982) .
All five novel isolates were strictly aerobic and had a requirement for the presence of growth factors (50 mg yeast extract or Casamino acids l
) in the cultivation medium. Thus, utilization of a given carbon compound was assumed to have occurred when growth was distinctly improved by its presence, compared with basal MM1 medium alone. The carbon compounds tested and their effects on growth are given in the four species descriptions and are shown in Table 1 . Most sugars were preferred as growth substrates. Strain TPO1014
T differed from the other strains by being able to utilize only a limited number of growth substrates. All five isolates possessed hydrolytic capabilities and were able to degrade pectin, laminarin, xylan, lichenan and starch, but not cellulose, CM-cellulose, chitin, chitosan, fucoidan, sodium alginate, chondroitin sulphate or pullulan. Hydrolytic capability was most strongly pronounced in strain TPB6011 T , and pectin was the preferred polymeric substrate. For comparison, Terriglobus roseus DSM 18391 T and Edaphobacter aggregans DSM 19364 T were tested along with our isolates. Terriglobus roseus DSM 18391 T was able to degrade pectin and starch but showed only poor growth on xylan and laminarin, and was unable to degrade lichenan.
Edaphobacter aggregans DSM 19364
T showed good growth on laminarin and lichenan but grew poorly on xylan and starch and was unable to degrade pectin. API ZYM tests revealed the strain with the largest number of enzyme activities was strain TPB6011
T , which also displayed the strongest hydrolytic capabilities. This isolate differed from the other four by the presence of trypsin and urease (Table 1 ). The smallest number of enzyme activities was detected in strain TPO1014
T , which utilized only a limited number of growth substrates. All five isolates were sensitive to novobiocin and were resistant to chloramphenicol, gentamicin, streptomycin and neomycin. Strains TPB6011
T , OB1010 T and LCBR1 differed from strains TPO1014 T and TPB6028 T by being susceptible to lincomycin (Table 1) .
The novel isolates grew at pH 3.0-7.5, with optima between pH 3.8 and 4.5. The temperature range for growth IP: 54.70.40.11
On: Sun, 13 Jan 2019 03:46:27 was 2-33 u C, with optima between 15 and 22 u C. Under optimal conditions, the growth rate of these bacteria was in the range 0.05-0.10 h
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. Strains OB1010 T , LCBR1, TPB6011
T , TPO1014 T and TPB6028 T were relatively resistant to NaCl. They grew well in media at NaCl concentrations up to 3.5 % (w/v); complete inhibition of growth was observed at 5 % (w/v) NaCl and above. Growth inhibition of 20 and 80 % was observed in the presence of KH 2 PO 4 at concentrations of 0.7 and 6.7 mM, respectively, whereas no inhibition was detected in the presence of KCl within the same range of concentrations ( Supplementary  Fig. S4 ). Our results indicate that phosphate ions can inhibit growth of some acidobacteria.
The five novel isolates contained MK-8 as the predominant menaquinone. The major fatty acids of strains OB1010 T , LCBR1, TPB6011 T , TPO1014
T and TPB6028 T were iso-C 15 : 0 , C 16 : 0 and summed feature 3 (C 16 : 1 v7c/iso-C 15 : 0 2-OH) ( Table 2 ). Strains OB1010 T and LCBR1 also contained iso-C 13 : 0 in substantial amounts (8.6-9.7 %). These cellular fatty acid profiles had significant similarity to those of the subdivision 1 acidobacteria Terriglobus roseus and Edaphobacter modestus (Eichorst et al., 2007; Koch et al., 2008) (Supplementary Table S1 ).
Comparative 16S rRNA gene sequence analysis showed that strains OB1010
T , LCBR1, TPB6011 T , TPO1014 T and TPB6028
T show between 95.3 and 98.9 % similarity to each other and belong to subdivision 1 of the phylum Acidobacteria (Fig. 2) . The closest described relatives of these novel isolates are members of the genera Terriglobus (94.6-95.8 % 16S rRNA gene sequence similarity) and Edaphobacter (94.2-95.4 %). Among taxonomically uncharacterized organisms, the highest sequence similarities (97.9-98.2 %) were to the soil isolate KBS89, which was described by Eichorst et al. (2007) but not included in the genus Terriglobus. Independently of the algorithms used for the phylogenetic tree construction, the five novel isolates from Sphagnum peat and the soil isolate KBS89 formed a common cluster, which was separate from the clusters defined by members of the genera Terriglobus and Edaphobacter (Fig. 2) .
Despite the clear preference of isolate KBS89 for growth conditions of low pH (¡5.0), and its close phylogenetic relationship to strains OB1010 T , LCBR1, TPB6011
T , TPO1014
T and TPB6028 T , this soil isolate differed from the peat-inhabiting isolates by the absence of pigment and catalase activity, as well as by the inability to grow at 4 u C.
The DNA G+C content of strains OB1010
T , LCBR1, TPB6011 T , TPO1014
T and TPB6028 T ranged from 57.3 to 59.3 mol%. Only two of these isolates, strains OB1010 T and LCBR1, were highly similar to each other with regard to their cell size and morphology, phenotypic characteristics and DNA G+C content (Table 1) . In contrast to other strains, they also contained substantial amounts (8.6-9.7 %) of iso-C 13 : 0 (Table 2 ). In comparative 16S rRNA gene sequence analyses, these strains always clustered together, independently of the algorithm used for phylogenetic tree construction (Fig. 2) . This evidence allows us to conclude that strains OB1010
T and LCBR1 represent the same species. Other isolates displayed significant differences from each other with respect to cell morphology and phenotypic characteristics ( Supplementary Fig. S1 and Table 1) , which suggested that they may represent different species. This was further confirmed by the results of DNA-DNA hybridization studies, which revealed relatively low (9-20 %) DNA-DNA hybridization values among strains OB1010 T , TPB6011 T , TPO1014 T and TPB6028 T .
In summary, our novel isolates from Sphagnum peat bogs formed a coherent phylogenetic cluster, which was separate from the clusters defined by the genera Terriglobus, Edaphobacter and Acidobacterium (Fig. 2) and possessed a number of characteristics that clearly distinguished them from all earlier described members of subdivision 1 of the phylum Acidobacteria (Table 3) . Cells of the novel isolates were longer than those of members of the genera Terriglobus, Edaphobacter and Acidobacterium, were more tolerant to low temperatures and less sensitive to NaCl. A pink colony pigmentation differentiated strains OB1010 T , LCBR1, TPB6011
T , TPB6028 T and TPO1014 T from members of the genera Edaphobacter and Acidobacterium, absence of motility distinguished them from members of the genus Acidobacterium and the ability to grow at below pH 4 distinguished them from members of the genera Terriglobus and Edaphobacter. The hydrolytic capabilities of Granulicella gen. nov., containing four species the peat-inhabiting bacteria were much more pronounced than in members of the genera Terriglobus and Edaphobacter. Therefore, we propose a novel genus of acidophilic, polymer-degrading bacteria, Granulicella gen. nov., containing four novel species, Granulicella paludicola sp. nov. Description of Granulicella gen. nov.
Granulicella (Gra.nu.li.cel9la L. neut. n granulum a small grain; L. fem. n. cella a storeroom, chamber and, in biology, a cell; N.L. fem. n. Granulicella a grain-like cell).
Gram-negative, non-spore-forming, non-motile rods that occur singly, in pairs or in short chains. Reproduce by binary fission. Produce amorphous extracellular polysaccharide-like substances. Old cultures contain globular starvation forms. Colony colour varies from pale-pink to red. Pigments are carotenoids. Oxidase-variable and catalase-positive. Strictly aerobic chemo-organotrophs. Sugars are the preferred growth substrates. Capable of hydrolysing several polysaccharides but not cellulose or chitin. Acidophilic and mesophilic. Do not produce H 2 S from thiosulfate or indole from tryptophan. NaCl inhibits growth at concentrations above 3.5 % (w/v). Major fatty acids are iso-C 15 : 0 , C 16 : 0 and summed feature 3 (C 16 : 1 v7c/ iso-C 15 : 0 2-OH). The predominant menaquinone is MK-8. The DNA G+C content is 57.3-59.3 mol%. Strains have been isolated from acidic wetlands, specifically Sphagnum peat bogs. The type species is Granulicella paludicola.
Description of Granulicella paludicola sp. nov.
Granulicella paludicola (pa.lu.di9co.la. L. n. palus, -udis swamp, bog; L. suff. -cola derived from incola inhabitant, dweller; N.L. n. paludicola an inhabitant of bogs). Capable of growth at pH 3.0-7.5 (optimum pH 4.2) and at 2-33 u C (optimum 18-22 u C). Resistant to ampicillin, kanamycin, chloramphenicol, gentamicin, streptomycin and neomycin but susceptible to lincomycin and novobiocin.
The type strain OB1010 T (5DSM 22464 T 5LMG 25275 T ) was isolated from the Sphagnum peat bog Obukhovskoe, Yaroslavl region, European North Russia.
Description of Granulicella rosea sp. nov.
Granulicella rosea (ro9se.a. L. fem. adj. rosea rose-coloured).
The description is as for the genus but with the following additional traits. Cells are 0.5-1.061.5-9.0 mm. Colony colour varies from pale pink to pink. Produces copious amounts of EPS. Growth is non-homogeneous in liquid medium. (C8) is present. The following enzyme activities are absent: valine arylamidase, a-glucosidase, N-acetyl-b-glucosaminidase, esterase (C4), urease and a-chymotrypsin (API ZYM test). Oxidase-negative. Catalase-positive. Capable of growth at pH 3.0-7.5 (optimum pH 4.5) and at 2-33 u C (optimum 18-22 uC). Resistant to chloramphenicol, gentamicin, streptomycin, neomycin, lincomycin and novobiocin but susceptible to ampicillin and kanamycin.
The type strain TPO1014 T (5DSM 18704 T 5ATCC BAA-1396 T ) was isolated from the Sphagnum peat bog Obukhovskoe, Yaroslavl region, European North Russia.
Description of Granulicella pectinivorans sp. nov.
Granulicella pectinivorans (pec.ti.ni.vor9ans. N.L. n. pectinum pectin; L. part. adj. vorans devouring; N.L. part. adj. pectinivorans pectin-devouring, referring to the ability to use pectin as a growth substrate). Description of Granulicella aggregans sp. nov.
Granulicella aggregans (ag9gre.gans. L. part. adj. aggregans from L. v. aggrego attaching one's self to, adhering to, referring to the ability of the cells to form aggregates).
The description is as for the genus but with the following additional traits. Cells are 0.8-1.561.5-10 mm. Colony colour varies from pale pink to reddish pink. Produces copious amounts of EPS. Growth is non-homogeneous in liquid medium. Able to utilize the following carbon sources (0.05 %, w/v): D-glucose, D-fructose, D-galactose, lactulose, leucrose, maltose, D-mannose, D-rhamnose, D-ribose, Dxylose, sucrose, salicin, N-acetyl-D-glucosamine, sodium Dgalacturonate, gluconate, glucuronate, malate, pyruvate, arabitol, arbutin, dulcitol, mannitol, myo-inositol and sorbitol. Unable to utilize D-arabinose, lactose, melibiose, melezitose, raffinose, D-sorbose, trehalose, D-fucose, cellobiose, acetate, butyrate, capronate, citrate, valerate, lactate, oxalate, propionate, succinate, formiate, fumarate, adonitol, inulin, methanol or ethanol. Hydrolyses aesculin, laminarin, pectin, lichenan, starch and xylan but not sodium alginate, CM-cellulose, cellulose, chitin, chitosan, fucoidan or pullulan. The following enzyme activities are present: esterase, valine arylaminidase, a-chymotrypsin, a-glucosidase, Nacetyl-b-glucosaminidase. The following enzyme activities are absent: a-galactosidase, trypsin and urease (API ZYM test). Oxidase-negative. Catalase-positive. Capable of growth at pH 3.0-7.5 (optimum pH 4.5) and at 2-33 u C (optimum 18-22 u C). Resistant to chloramphenicol, gentamicin, streptomycin, neomycin, lincomycin, ampicillin and kanamycin but susceptible to novobiocin.
The type strain TPB6028 T (5LMG 25274 T 5VKM B-2571 T ) was isolated from the Sphagnum peat bog Bakchar, Tomsk region, West Siberia.
